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This investigation involves a photomicrographic study 
of the segregation resulting from the eutectic solidification 
characteristics of aluminum-uranium alloys, ranging from 5 
to 30 weight percent uranium. The segregation can occur 
in either of two manners; the first, due to the gravita­
tional forces acting upon the growing particles which nucleate 
in the melt and the second, due to the mode and rate of heat 
transfer through the material. It was found that segrega­
tion occurred only as the result of the latter factor due 
to the small volume of the ingot and the rapid rate of heat 
transfer. The segregation was measured quantitatively as 
the amount of primary constituent that was contained in a 
particular region as compared with another region on the 
same ingot. It was found that the primary constituent was 
more concentrated in the top central regions, of the higher 
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1I. INTRODUCTION
This investigation involves a study of the segregation 
that results from the solidification characteristics of 
aluminum-uranium alloys. Aluminum-uranium •'lloys have been 
of interest during the past 20 years due to the advent of 
the atomic energy program. Peaceful uses of atomic energy 
have been employed in many fields, including the generation 
of power by nuclear reactors, A reactor of this type operates 
from the energy, i the form of heat, that is produced by a 
fissionable material, usually U^"*, located in its core.
In some reactors, the uranium is* dispersed in a matrix of 
a low neutron cross section material and is fabricated into 
a fuel element which comprizes the reactor core. In most 
low power research reactors the low neutron cross section’ 
material is aluminum.
Fab ication of these aluminum-uranium fuel element 
starts with either a cast ingot or a powder compact which 
is clad with aluminum and, usually, hot rolled into a thin 
plate. The cast ingot is employed in fuel elements con­
taining up to about 20 weight percent uranium, while the 
powder compact is used for the higher percentages of uranium. 
This stems from the fact that cast aluminum-uranium al oys, 
which contain above 20 weight percent uranium, exhibit 
poor rolling characteristics due to the presence of an excess 
of the intermetallic compound, UAl^* This compound due to 
its size, shape and physical properties, e, g, hardness, 
causes severe cracking to develop during the rolling opera­
tion.
2
Most low power research reactors, e. g. Argonne Re­
search Reactor, CP-5, utilize fuel elements which contain 
a uranium content low enough to meet the requirements for 
the cast aluminum-uranium alloy. The present investigation 
involves a study of aluminum-uranium alloys, ranging from 5 
to 30 weight percent uranium, suitable for such an applica­
tion.
It has been recently observed that segregation of the 
microconstituentsfthat form in the cast ingot during soli­
dification, exists. The present investigation will limit 
Itself to a study of the cast structure in several alloys 
in the above range of uranium content. If segregation 
does exist, it can be best detected by the proper use of 
photomicrograplc techniques. This is the technique chosen 
for this investigation, along with an autoradiographic 
stripping film technique used for comparison.
3
II. LITERATURE REVIEW
The present investigation deals with a segregation 
phenomenon due to polyphase solidification. The polyphase 
solidification in this case is mainly of the eutectic type.
In order to study this phenomenon, a review of the previous 
literature concerning eutectic solidification and its effect 
on segregation is needed. This review will be divided into 
the following categories: The structure of Eutectics, The
Growth and Formation of Eutectics, Segregation Due to Eutectic 
Solidification and Segregation in Aluminum-Uranium Alloys.
The Structure of Eutectics
The literature concerning the structure of eutectics 
is extensive. The early investigators studied eutectic 
structures by microscopic examination of polished specimens. 
Rosenhain and Tucker^, Brady^, Lamplough^, G r e e n ^ ,
(c \and Eastwood'are among these early investigators. They 
classified the eutectic structure according to the type of 
pattern produced. For example, Brady classified eutectic 
structure as being either lamellar, globular, angular or 
crystalline. These classifications fail to give any insight
as to the mechanism of formation of the eutectic.
Spengler^ has classified several eutectic systems as 
being either "normal" or "anomalous". The "normal" eutectic 
structure having a definite pattern of crystalli ation while 
the "anomalous" eutectic structure is characterized by a 
random pattern. The aluminum-uranium eutectic structure 
was classified as being "anomalous" due to its random 
crystallization pattern.
Tiller'1 , in a recent investigation, shows that a 
normal eutectic can have three distinct morphologies, namely: 
lamellar, rod form or globular. He also explains, mathema­
tically, the transition from lamellar to rod form and from 
rod form to globular. For example, he states that a eutectic 
may assume the lamellar form at low rates of growth and then 
transform into the rod form at higher rates of growth, but 
more experimental data is needed to verify this transforma­
tion. The transition of the rod form into the globular form 
occurs at high rates of growth, where the repeated nucleation 
of the discontinuous phase disrupts the growth of rods and 
leads to a globular dispersion.
The Growth and Formation of Eutectics
Portevin^^ in his investigations proposed three methods 
of crystallization or genesis of eutectics. The first 
method is simultaneous crystallization whereby the particles 
are formed together in the liquid and grow either at the 
same velocity or at a different velocity. The second method 
is successive crystallization where the particles of one of 
the constituents develops before the other. The last method 
considers alternate crystallization of the first one and 
then the other constituent. Vogel(9) , considered the 
crystallization of both constituents as being simultaneous.
Ee also proposed that the direction of growth of both con­
stituents is perpendicular to the interface between the 
solid and the liquid. Tammann^0  ^ proposed that the cry­
stallization is of the alternate type. In his theory, the
( 7 )
5the direction of growth is parallel to the solid-liquid 
interface. This is the converse of the theory presented 
by Vogel.
Straumanis and Brakss^11^'1*2  ^ observed, by x-ray studies 
of a number of eutectic systems, that a definite crystallo­
graphic relationship exists between the lattice of the two 
lamelae. El wood and Bagl y h a v e  also shown the exis- 
tance of definite crystallographic relationships between 
the Interpenetrating components of a eutectic grain.
A more recent investigation was undertaken by Thall and 
Chalmers^^, and Winegard, Majka, Thall and Chalmers^-^ 
in the early 1950's. These investigations led to the con­
clusion that the theory proposed by Vogel was correct with 
certain modifications. They proposed that the crystalliza-
4
tlon occurs simultaneously and that one of the phases leads 
the other to form a "corrugated” interface. The phase that 
crystallizes at the faster speed has a higher thermal con­
ductivity than the other phas • This phenomenon was 
explained by using the lead-tin eutectic system. They als 
concluded that this simultaneous growth pattern Is parallel 
to the direction of flow of heat from the solidifying mass. 
When the rate of heat flow is rapid a narrower lamellar 
pattern is formed and vice versa.
Weart and M a c k ^ ^  observed that some eutectic alloys 
solidify by movement of a cellular interface through the 
melt. They studied the aluminum-zinc, tin-*zinc and 
aluminum-CuAlg eutectic system • They sugge t that thes
6cells arise because of the ex istence of a constitutionally 
super cooled liquid region adjacent to the advancing inter­
face.
Tiller, Jackson, Rutter and Chalmers' 1 7 made an inten­
sive study of the redistribution of solute atoms during 
solidification# They have shown that the distribution for 
both normal freezing and zone melting depends upon the 
speed of solidification. If the speed of solidification 
is increased abruptly, a band of high solute concentration 
is formed in the solid.
Hull, Colton and Kehl^®^ investigated the rate of 
nucleation and growth of pearlite. Measurements of these 
rates were made for a series of ten steels. It was found 
that the rate of growth remains constant with time during 
isothermal transformation, but the rate of nucleation 
increases with time.
A recent paper on polyphase solidification was pre­
sented by T i l l e r T h i s  paper presents the latest theories 
governing the eutectic solidification phenomenon. Tiller 
shows, by means of a mathematical analysis, that the tips 
of the growing lamellae may have either a positive or a 
negative curvature; with the positive curvature being more 
probable. Using the tin-lead eutectic, he has shown that 
the width of the lamellae vary inversely as the half power 
of the freezing rate. He has also shown that the leading 
phase will be the continuous phase as indicated by the 
microstructure •
7Tiller also discusses the formation of an anomalous
eutectic structure* He states that in a anomalous eutectic
the primary phase is unable to act as the nucleating agent
for the secondary phase, as in the case for normal type
eutectics. In the anomalous eutectic the secondary phase
is nucleated at random in the liquid phase rather than on
the growing primary particles. This random distribution
fl2 )has been substantiated by Straumanls and Brakss' ' and 
Hix and S c h m i d u s i n g  x-ray techniques. The size of the 
particle decreases as the rate of cooling of the eutectic 
liquid increases. The particles may have anisotropic 
growth characteristics such as, needle-like, plate-like, or 
angular particles. The anisotropy of shape depends upon the 
anisotropy of the freezing rate of the particles. At the 
present time, very little is known about the quantative 
nature of this growth rate anisotropy.
An interesting study of several eutectic structures 
was presented by Rhlnes and Timpe^0  ^ in three dimensions.
In the binary eutectics of aluminum-sillcon, silver-silicon, 
antimony-silicon, sodium-silver and lead-silver, one com­
ponent was dissolved away from the other by chemical tech­
niques. The remaining structure was observed from a three 
dimensional view, which indicated the anisotropy of the 
particles present in the eutectic structure.
Segregation Due to Eutectic Solidification
Many early investigators observed segregation in soli-
( 2 )dlfied binary eutectic alloys. Bradyv ' observed segregation 
in cast ingots of copper-silver alloys. He found that the
8phase distribution varied in both the hypoeutectic and
f 21)hypereutectic regions. Smith' ' studied "inverse segrega­
tion" in many of the precious eutectic alloys. He observed 
in copper-silver alloys that the silver migrated toward the 
center of the solidified mass in silver rich copper alloys.
Genders^22  ^ observed "inverse segregation" in bronze 
alloys containing 5 percent tin. He considered that the 
evolution of the dissolved gases contained in the alloys
studied aided in the segregation phenomenon.
Watson^2-^  studied segregation in hypoeutectic, eutectic,
and hypereutectic alloys of silver-copper. He found that 
in the hypoeutectic alloys (copper rich) the enrichment of 
silver was toward the outside of the ingot where the first 
portion solidified. The eutectic alloy (71*8 percent silver) 
was uniform under normal casting conditions. The hypereut­
ectic alloys {silver rich) displayed an enrichment of silver 
toward the center section where the last portion solidified.
In recent investigations, segregation has been noted in 
some of the more common aluminum alloys. Glalsher, Betteridge
and Eboral^2^  have observed a mottling effect in radiographs
( oc)of aluminum alloys. Also, Van Horn' reports a mottling 
effect in radiographs of aluminum-silicon-copper alloy 
permanent mold castings. He concluded that the mottling was 
caused by microsegregation of the higher density copper-rich 
eutectic phase.
Segregation in Aluminum-Uranium Alloys.
Aluminum-uranium alloys have only been of interest as
9a nuclear reactor material in the past 15 years. During the 
early years of the atomic energy program, most of the infor­
mation concerning these alloys had he n kept classified.
Only recently a number of publications have been issued to 
the public concerning the properties, fabrication, use and 
prod ction of these alloys. <26H27) (28) (29) (30)
The constitutional diagram was first prepared by
Kaufmann and G ordon^^ in 1950. A modification of this
(~52)diagram was prepared by Sailer and Roughw  7 a few years 
later. This is the presently accepted diagram and can be 
seen in figure 1 .
Although segregation in cast aluminum-uranium alloys has 
beep o b s e r v e d (28)(29)(30) publications dealing with this 
topic are rare.
Allen and Isserow * have studied the segreg tion 
phen menon in pecially cast ingots prepared of some aluminum 
uranium alloys. They based their investigation upon the 
density diff rence between aluminum and the ntermetallic 
compound UAl^. Segregation of the UAl^ in the aluminum 
matrix was promoted by repeatedly heatl g and c Olin the 
alloy above and below the eutectic temperature. This the mal 
cycling technique led to drastic density differences in the 
final ingot. Por e ample, a 14 weight percent uranium alloy 
was cycled 360 times above and below the eutec ic temperature. 
A cycle consisted of heating the alloy 10°C above the eutectic 
temperature and then cooling down until solidif cation re­
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temperature and examined both metallographically and chemi­
cally, The results showed that the uranium content at the 
top of the ingot was 1.3 weight percent and the uranium con­
tent at the bottom was 60.6 weight percent.
They also found that if the melt is held above the 
eutectic temperature for a long period of time, settling 
of the uranium rich phase results. By holding a 14 weight 
percent uranium alloy at 150° above the eutectic temperature 
(640°C) for 260 hours, they found that the top of the final 
ingot contained 11.8 weight percent uranium and the bottom 
contained 28.2 weight percent uranium.
These investigators also produced a 14 weight percent 
uranium ingot by heating to 150°0 above the eutectic tempera­
ture and then directly cooled the ingot to room temperature. 
This technique would simulate normal melting and casting 
conditions. They found that the uranium content at the top 
of the ingot was 14.1 weight percent uranium and the content 
at the bottom was 13.9 weight percent uranium. This is the 
inverse of the above results.
Other eutectic alloy systems were also studied in their 
investigation. These were the aluminum-silicon, aluminum- 
nickel and zinc-tin systems. The results found from-cast 
ingots of the alloys produced from these systems were not as 
drastic as those found in the aluminum-uranium system, which 
is expected since the density difference between aluminum 
and UAl^ is much greater.
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Bean' at tie Argonne national Laboratory, has done 
some work dealing with the segregation in cast aluminum- 
uranium alloys. He observed a mottling effect in radio­
graphs taken of rolled, Argonne Low Power Reactor fuel 
plates. These fuel plates contain a core of 17*5 weight 
percent uranium-aluminum base alloy clad with aluminum. The 
radiographs exhibited mottling in those areas corresponding 
to the top and top center areas of the original cast ingot. 
Through a metallographic examination he found the structure 
to be UAl^ needles in a matrix of aluminum. The needles of 
UAI4 appeared much larger in the mottled area than in the 
unmottled area. He concluded that the mottling effect was 
a result of a coarse, high density, phase dispersed in the 





The apparatus used for melting and casting the alloys, 
used in this investigation, is essentially a vacuum melting 
furnace heated hy means of an induction coil. The furnace 
design is similar to the vacuum melting furnace that is used 
at the International Institute for Nuclear Science and 
Engineering located at the Argonne National Laboratory. A 
general view of the furnace and accessory equipment can be 
seen in figure 2. A 10 kilowatt Lepel, high frequency, in­
duction unit is located to the left of the furnace as shown 
in the figure. The furnace proper, rests on a manifold 
which, in turn, rests on the inlet of the diffusion pump 
of the vacuum system. This vacuum system, type PS-40A, 
manufactured by the Consolidated Vacuum Corporation, is con­
tained in the cabinet located below the furnace and consists 
of a 4 inch oil diffusion pump in conjunction with a 5 cubic 
foot per minute capacity, Welch Duo-Seal, mechanical pump. 
The vacuum system is capable of producing an ultimate pres­
sure of 1 .2  x 10“5 torr, within the furnace.
A view showing the external details of the furnace can 
be seen in figure 3* The furnace vacuum envelope consists 
of a 6 inch diameter fused silica tube, 30 inches long. The 
silica tube rests upon the vacuum manifold as shown in the 
figure. Heating is provided by means of an external induc­
tion coil produced from \ inch copper tubing formed into a 
helix of ten turns. A transite frame was constructed to
14
Figure 2
General View of Apparatus
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PiSure 3
View of Vacuum-Induction Furnace
hold the induction coil as close as possible to the outer 
diameter of the silica tube. A water cooling system was 
connected to the induction coil in order to prevent over­
heating of the copper tubing during the melting operation.
A Lepel water recirculating system was employed in order to 
maintain the cooling water at a constant temperature and 
pressure.
The furnace cover, which rests on the top of the silica 
tube, was on loan from The Argonne national laboratory. A 
view of the stainless steel furnace cover can be seen in 
figure 4. Certain modifications were made on the original 
cover to produce the present design. These modifications 
included an opening for the sight tube and an opening for 
the thermocouple outlet. The sight tube can be seen pro­
jecting from the left of the furnace cover. The pull rod 
assembly and the thermocouple connector can be seen pro­
jecting from the right of the stainless steel cover. The 
sight glass assembly, (not shown) is connected to the sight 
tube, and consists of a Vycor glass window that can be 
rotated if the operators view is obstructed by condensed 
vapors or deposits on the inside of the glass. This accounts 
for the large diameter flange attached to the upper end of 
the sight tube. The vacuum seal for the entire viewing 
assembly was provided by "0" rings. A flat silicone rubber 
gasket was used to provide the vacuum seal for the furnace 
cover against the silica tube. This gasket can be seen in 






copper tubing soldered to the outer surface (not shown in 
figure 4)* The *water cooling prevents the furnace cover and 
rubber gaskets from overheating during the melting process.
The bottom of the furnace consists of a stainless steel 
manifold, which was also on loan from the Argonne National 
Laboratory, and was used without modification. The manifold 
provides a support for the silica tube and contains outlets 
for the vacuum gage and the mold thermocouple connections.
The vacuum seal between the silica tube and the manifold 
consists of a silicone rubber gasket similar to the one 
used for the furnace cover seal* The manifold is water 
cooled by means of copper tubing soldered to the outer walls. 
The water cooling prevents the gaskets and vacuum gage from 
becoming overheated during the melting and casting operations. 
A view of the manifold with the thermocouple connections, 
vacuum gage, and water cooling system can be seen in figure 
5. This figure also shows a view of the furnace with the 
silica tube removed. Prom this figure one can see the rela­
tive positions of the crucible and mold assemblies. The 
crucible assembly can be seen within the induction coll, 
while the mold assembly is Just below the coil.
Figure 6 is a cross section showing the Internal design 
of the furnace. The furnace was constructed in such a way 
so as to permit observation of the melting operation through 
the sight tube and sight glass located on the furnace cover. 
This construction also permits temperature measurements to 
be made by means of an optical pyrometer. The pull rod- 
stopper rod assembly, as shown in the center of the diagram,
19
Figure 5
View of Furnace with Silica Tube Removed
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is used for the casting operation* ¥hen the melt, contained 
in the crucible, is ready to be cast, this assembly is 
pulled vertically from the top of the furnace* This allows 
the molten metal to flow through the opening in the bottom 
of the crucible into the mold below*
A drawing of the crucible, stopper rod, thermocouple 
sheath and stirring rod assembly can be seen in figure 7 «
All the components in this assembly were machined from pure 
graphite stock. A chromel-alumel thermocouple is inserted 
into the thermocouple sheath to measure the temperature of 
the melt. The melt temperature was recorded by means of a 
Brown recording potentiometer, type 113 RIP-53. This instru­
ment was selected due to its ability to plot a continuous 
time-temperature curve during the entire melting operation. 
This instrument can be seen in the upper right hand corner 
of figure 2. The stirring rod was activated by manual 
rotation of the pull rod at the top of the furnace. This 
enables the operator to stir the melt during the melting 
operation. The stirring action aids in both the alloying 
and homogenization of the melt. This procedure was necessary 
in order to prevent segregation of the alloying elements 
during melting* A photograph showing the components of the 
crucible assembly can be seen in figure 8* The graphite 
thermocouple sheath is attached to the stopper rod by means 
of a chromel wire. The wire, due to its position near the 
top of the sheath, did not come in contact with the melt*
A cross-sectional drawing of the split graphite mold 







due to the addition of the riser. The dimensions of the 
riser were calculated on the basis of Chvorinov1s rule:'^^'
Volume Volume
Riser______  y  Casting________
Surface Area ' Surface Area^
Riser Casting
The riser was added to the mold in order that a sound ingot 
would result after solidification. The riser, due to its 
higher volume to surface area ratio, will be the last portion 
of the casting to freeze. Therefore, the shrinkage cavity
that results from solidification will be contained in the 
riser.
The two holes indicated on the right side of the mold, 
as shown in figure 9, are for the insertion of chromel- 
alumel thermocouples. These thermocouples were placed so 
as to measure the top and bottom mold temperature during the 
casting process. Figure 10 shows the split mold in the open 
position with an ingot about to be removed.
The two thermocouples were connected to a Bristol, 6 
point, recording potentiometer, type GPG 560-21. This 
instrument was selected due to its ability to plot a con­
tinuous time-temperature curve for both the top and bottom 
mold regions. Three alternating points were allotted for 
each of the top and bottom mold time-temperature measure­
ments. This instrument is located Just below the Brown 
instrument to the left of the furnace as shown in figure 2.
The crucible assembly was insulated by means of a split 
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Open Mold with Oast Ingot
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in order that continuous cooling curves could be run for 
each alloy that was produced* The insulation was also used 
as a heat shield for the silica tube* One half of the re­
fractory brick can be seen in place around the crucible 
assembly in figure 11* The Alundum spacer and silica support 
are also shown in this figure*
Production of alloys
In this investigation, the aluminum-uranium alloys were 
produced by a special vacuum induction melting and casting 
technique* The uranium content of the alloys ranged from 0 
to 30 weight per cent* The alloys were produced in a manner 
similar to the methods used at actual production facilities*
That portion of the aluminum-uranium system that per­
tained to this study can be seen in figure 12* This diagram 
was used as a reference system for the liquidus and solidus 
temperatures and the calculation of pouring temperatures*
The alloys produced are indicated on the diagram with their 
appropriate pouring temperatures, which were about 100°C* 
above their liquidus temperatures*
In producing these alloys only pure materials were used. 
The uranium metal was procured from the Davison Chemical 
Division of ¥• R* Grace and Company* The exact analysis 
is not known since only periodic determinations are made 
during their production cycle* A typical analysis is shown 
in table 1*
The aluminum metal was provided by the Aluminum Company 
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TABLE NO. 1
TYPICAL ANALYSIS FOR COMMERCIAL GRADE 
DEPLETED URANIUM METAL
Ag o*H ppm Mg 100.0 ppm
A1 100.0 ppm Mil 50.0 ppm
B 2.0 ppm N 100.0 ppm
Ba 10.0 ppm 0 400.0 ppm
Be 1.0 ppm P 25.0 ppm
Bi 2.0 ppm Pb 25.0 ppm
Ca 100.0 ppm SI 250.0 ppm
Cd 2.0 ppm Sn 25.0 ppm
C 300.0 ppm V 50.0 ppm
Cr 20.0 ppm Zn 50.0 ppm
Co 10.0 ppm Zr 50.0 ppm
Cu 100.0 ppm Pe + Ni 500.0 ppm
TABLE NO . 2
ANALYSIS OP ALUMINUM NOTCH BAR INGOT
Lot Humber A1 Cu Pe Si Mg Zn Other
S-235060 99.992 0.003 0.001 0.001 0.002 0.001 0.000
S-168679 99.996 0.002 0.001 0.001 0.000
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purity notch bar ingots* The analysis Is shown in table 2. 
Preparation of charge
The uranium metal was purchased as rectangular blocks, 
each weighing about one pound* These blocks had to be sec­
tioned in order to produce the required size and weight for 
the vacuum induction furnace charge* The cutting operation 
was performed using a water cooled, non-ferrous type, cut­
off wheel. Due to the pyrophoric nature of uranium metal, 
this method seemed the least hazardous. The uranium parti­
cles that were expelled as wadte material were collected in 
a filter within the apparatus.
The aluminum metal was sectioned by using a mechanical 
hack saw. Due to the extreme ductility of this material, 
this seemed to be the most desirable method.
A typical charge can be seen in figure 13 along with 
an ingot produced from a similar charge. The size of the 
material in the charge was kept as large as possible in 
order that the surface to volume ratio be minimized. With 
a minimum surface to volume ratio, there will be a minimum 
of oxide coating. This oxide coating, if in excess, will 
hinder the melting operation. Also, since the proper weights 
are calculated on the basis of the pure element only, an 
excess of oxide will cause a significant error in the cal­
culated alloy contents.
Since the uranium metal oxidized during the cutting 
operation, it became necessary to remove this coating before
32
Figure 13
Typical Charge and Final Cast Ingot 
(Aluminum Metal - Left; Uranium Metal - Right)
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weighing. A special electrolytic method was devised to 
eliminate this problem. The electrolyte consisted of:
5 parts Orthophosphoric Acid 
5 parts Ethylene Glycol 
8 parts Ethyl Alcohol
Baumrucker^^ used this solution for electrolytic polishing 
of uranium. A cell was constructed utilizing the uranium 
metal as the anode and a stainless steel grid as the cathode. 
The voltage required ranged from 40 to 60 volts with a 
current density of 4 amp/cm?. The time was dependent upon 
visual observation of the oxide removal. Usually this time 
was about 30 seconds. Immediately after removal of the 
black oxide layer, the sample was washed in cold running 
water for about 5 seconds, followed by a quick rinse in 
methyl alcohol. In order to prevent oxidation before the 
weighing operation, the sample was placed in a stoppered 
bottle containing pure ethyl ether.
Weighing Operation
The weighing operation of the uranium consisted of 
first, rough weighing before the electrolytic technique was 
employed. This procedure minimized the time involved for 
the final weighing operation. Usually only one or two 
pieces of uranium were used for the charge. Due to the 
difficulty in cutting and the expense of the material these 
pieces dictated the final charge weight.
All final weighing was performed on a "Dial-O-Matic” 
type balance. This type balance was selected due to the
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speed at -which, one can perform the operation* he uranium 
metal could he easily he weighed in less than 60 seconds, 
since the rough weight was known. After weighing, the uranium 
was returned to the hottle containing the ethyl ether* It 
m s  stored in this container until the time of the charging 
operation*
The correct amount of aluminum metal was weighed accor­
ding to the uranium percentage required for the alloy. All 
weights, in grams, were recorded to four decimal places*
Charging Operation
The charging operation was initiated hy placing the 
aluminum in the crucible within the furnace* The uranium 
m s  inserted into the furnace after the furnace cover m s  
secured* Charging m s  done through the sight tube hy means 
of a long rod with a special type sample holder, at one- end* 
This operation allowed the uranium to he in the ambient 
atmosphere only a few seconds* Immediately fter withdrawing 
the sample rod, the sight glass m s  secured and the vacuum 
pumps started* Within a few minutes the pressure in the 
chamber m s  below 10 -'torr*
Melting Operation
When the pressure in the system reached the 10**^torr 
range, the melting operation commenced* The pressure within 
the furnace usually increased to the lO'^torr range, during 
the initial stages of heating. This m s  caused by "out- 
gassing" of the charge and this furnace components* The 






































760 100 3.2 X 10~4
755 100 2.5 X lO*4
740 100 4.3 X 10*4
800 100 3.0 X 10"4
870 100 5.2 X 10"4
965 100 4.0 X 10"4
1080 130 5.7 X 10"4
765 105 1.7 X 10*4
740 75 3.4 X 10"4
725 85 3.3 X 10“4
830 130 3.5 X 10"4
870 100 5.7 X 10“4
965 100 2.8 X 10“4
1080 130 3.5 X 10“4
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TABLE ?3 (Continued)
Specimen Pressure at Temperature of Mold
Number Pouring Temperature Just Before Pouring
Temperature of Mold 
Just After Pouring
Torr Top Bottom Top Bottom
°C °C °0 °C
0 — 200 150 —
5 3.1 x 10-5 255 205 452 400
10 2.9 x lO"5 270 220 478 395
15 5.6 x lO*5 271 223 441 370
20 5.3 x 10"5 275 230 477 424
25 4.5 x 10"5 311 265 520 495
30 3.2 x 10~5 338 295 595 560
OA 1.2 x 10“4 200 — 385 —
5A 1.6 x lO"4 231 195 432 390
10A 2.0 x 10"4 250 209 431 385
15A 1.6 x lO"4 242 210 462 410
20A 9.8 x 10*5 286 232 440 418
25A 3.4 x 10"5 298 257 510 461
30A 3.4 x 10"5 359 305 641 549
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During "melt-down", the hath was stirred, intermittently, 
by means of manual rotation of the pull rod assembly. The 
stirring action aided in the alloying of the two elements.
As the pouring temperature was reached the melt was continuously 
stirred. This produced a homogeneous liquid melt just before 
the casting operation was commenced. Therefore, any segre­
gation of the alloying constituents could occur only during 
solidification.
Before pouring of the melt, two continuous cooling curves 
were plotted on the strip chart pen recorder. These curves 
indicated the temperature of the solidus for the alloy being 
produced. If the melt had become contaminated during "melt­
down", the solidus plateau as plotted by the pen recorder 
would indicate the contamination. The liquidus temperature 
was not detected due to the fairly rapid cooling rate (about 
30°/min.).
Pasting Operation
The pouring temperature was selected as being 100°C. 
above the liquidus as indicated on the phase diagram (figure 
12). At this temperature, the pull rod was raised to the 
vertical direction with one swift movement. This released 
the molten material into the graphite mold below. At this 
time, a complete cooling curve was plotted by means of a 
6 point strip chart recorder, connected to the two mold 
thermocouples. This curve indicated the top and bottom 
mold temperature before, during and after the pouring
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A vacuum was maintained during the solidification to 
prevent further oxidation of the alloy* When the temperature 
within the furnace reached room temperature, the system was 
exposed to the atmosphere* The furnace cover was then re­
moved and the interior components disassembled from the top 
of the furnace. The crucible assembly was removed and cleaned 
of all skull and extraneous material. This was required to 
prevent contamination of the next alloy to be produced. The 
mold containing the solidified ingot was removed and opened 
to- withdraw the cast ingot. The ingot was rough weighed and 
stamped with its weight, run number and uranium content.
Metallographic Technique
Seven ingots were selected, each of different composi­
tion, from the ingots that were produced. In order to study 
the segregation phenomena, each ingot had to be sectioned 
lengthwise without disrupting the cast structure. A shaper 
was used for this operation. After sectioning, the first 
phase of the investigation was a study of the cast macro­
structure. Once the macrostructure is revealed, one can 
determine the type of solidification pattern produced for 
each alloy.
Normal metallographic grinding procedures were followed 
on each half ingot after shaping. A rough polish was ob­
tained by means of 30 micron diamond paste distributed on a 
"Metcloth"• A final polish was obtained by using a "Met- 
cloth" and 3 micron diamond paste.
operation* This information can also he found in table 3*
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The specimens were etched using warm Tucher*s etch (15 
cc. HP, 45 cc. I!C1, 15 cc. HFo^, 25 cc. H2o) by immersion 
for shout 30 seconds. Phonographs were taken of the resulting 
macrostructures*
Additional preparations were necessary for microscopic 
examinations. A special grinding and polishing technique 
was developed in order to preserve the intermetallic phase 
and to produce a smooth, scratch free surface. The "pulling- 
out" of the intermetallic compound was avoided by doing a 
minimum of processing in each sxep.
Grinding Procedure
Step Paper type______ Grit '} Lubricant Grinding time












Rough Het Diamond 30 micron 1 min 161 rpm




mediate 3 microns 2 min 161 rpm






The following etchant was used for microscopic examina­
tion*
10 cc. Sodium Hydroxide 
90 cc. Distilled >7ater
The etchant was "swabbed** upon the polished surface for a per 
iod not exceeding 60 seconds.
Photomicrographic Procedure
A systematic method must be employed to study segrega­
tion in the alloys produced. Six regions were selected on 
each specimen. The location of these six regions can be 
seen in figure 14. At each of these regions photomicrographs 
were taken at a power of 100 times. A Bausch and Lomb, type 
K Photomicrographic Camera, mounted on a Bausch and Lomb 
upright microscope, was used.
Autoradiographic Technique
After the complete photomicrographic investigation was 
undertaken, the next procedure was a study of the segrega­
tion phenomena by the autoradiographic stripping film tech­
nique. The method chosen for this investigation was that 
of G-omberg^*^. Due to the large size specimen that was 
employed, their technique had to be nodified. This modified 
technioue will be discussed in detail.
Fo additional metallographic operations were required 
to prepare the specimen for autoradiographic analysis. A 
vinyl plastic protective coating was applied to the polished 
and etched surface to protect it from exposure to the
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developing solutions. This coating was produced by immersing 
the half ingot into a solution of 2^ vinyl plastic dissolved 
in methyl ethyl ketone. The immersion time was approximately 
5 to 10 seconds. After drying, the coating was hardened by 
baking for 30 minutes under a heat lamp.
The film used in this study was Kodak Experimental 
Autoradiographic Permeable Base Stripping Eilm. The strip­
ping film consisted of the following layers:
(a) . An ordinary plastic film base
(b) . A 5 micron thick gelatin layer
(c) . A 5 micron thick emulsion layer
The plastic base gave support while handling and cutting 
the film. Tfhen this plastic base is stripped off of the 
remaining layers, the gelatin layer acts as the carrier.
The film must only be handled under a red safelight in a 
darkroom.
Since close contact, of the film against the specimen, 
is required, a special technique was devised for this pur­
pose. The film was cut into pieces somewhat smaller than 
the desired size. This is due to the fact that the film 
"swells" during application. The emulsion-gelatin composite 
is stripped away from the film base with a pair of tweezers. 
The film is then placed, face down, on the surface of a tank 
of clean water. The floating film will start to "swell" by 
soaking up water. This soaking period should not exceed 2 
minutes since further soaking will tend to produce a mobile 
film which is somewhat uncontrollable. The specimen is 
immersed in the tank of water while being held in one hand.
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It is then "brought up and under the floating film. The 
specimen is then tipped to an angle of about 30°, from the 
horizontal, and lifted vertically. The film will drape 
itself tightly over the surface of the specimen and produce 
the required close contact. The film is allowed to dry on 
the specimen for about one hour. The specimen is then placed 
in a light tight box for the required exposure time. The 
exposure time was 23 days for all samples. This time was 
determined by using control samples of the same material.
It was found that if a water resistant plastic paint was 
applied to seal the edges of the film, it would remain on 
the specimen during the development process. Without this 
plastic sealer, the film will tend to float away from the 
specimen while in the developing solution.
The development procedure is as follows:
Step Time Operation Solution Used
1 90 sec Developing D-19 (1 part stock - 2 parts 
distilled water)
2 3-4 sec Short Stop Distilled water
3 2 min Fixing Hypo solution F-5
4 10 min Washing Distilled Water
The specimens were then dried for about one hour and
examined.
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17. EXPERIMENTAL RESULTS
In general, this investigation concerns itself with a 
study of segregation in cast ingots of several aluminum- 
uranium alloys. The portion of the aluminum-uranium system 
that applies to this survey can be seen in figure 12. The 
alloys studied are indicated along with the pouring tem­
peratures. The alloys are indicated according to composition 
as follows:
Specimen #0 - containing 0 w/o uranium -100 w/o aluminum 
Specimen #5 - containing 5 w/o uranium -95 w/o aluminum 
Specimen #10- containing 10 w/o uranium-90 w/o aluminum
Specimen #15- containing 15 w/o uranium-85 w/o aluminum
Specimen #20- containing 20 w/o uranium-80 w/o aluminum
Specimen #25- containing 25 w/o uranium-75 w/o aluminum
Specimen #30- containing 30 w/o uranium-70 w/o aluminum
Maorographic Examination
Since this investigation involves a solidification 
•phenomenon, a rough indication of the type of solidifica­
tion pattern can be found by consulting the macrostructure 
of the cast ingots found in figures 15 through 21. These 
macrostructures will be described according to two classi­
fications of the alloys; namely, hypoeutectic and hyper­
eutectic alloys.
Specimen #0 was only used as a control sample for 
comparison purposes. It, of course, solidified In a manner 
associated with a pure metal. The typical solidification 
pattern for a pure metal Is columnar as shown in figure 15•
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Figure 15
Ma cr o s true tur e 
Specimen #0 




Ma cr o strue tur e 
Specimen #5 





Mia cr o s true tur e 
Specimen #10 






















(30 w/o IT - 70 w/o Al) 




The columnar grains grow parallel to the direction of heat 
flow through the mold walls. As seBn in the macro structure, 
the grains tend to curve toward the upper region of the ingot. 
This is due to the fact that heat is being supplied to the 
ingot from the riser. Therefore, the direction of heat 
flow is from the top of the ingot, through the central re­
gion and out through the mold.
Hypoeutectic Alloys
Specimens #5 and #10 are both hypoeutectic alloys and 
are shown in figures 16 and 17 respectively. It is of 
interest to note the manner in which these two hypoeutectic 
alloys solidified. Specimen #5 displays a dendritic growth 
pattern that has developed perpendicular to the mold wall 
with a central region of equiaxed grains. The dendritic 
structure was produced by a rapid rate of heat transfer 
through the mold wall. As the mold temperature approached 
the temperature of the solidifying mass, the rate of heat 
transfer decreased, allowing nucleation to occur in the 
central region. The many nuclei that were initially pro­
duced, due to this slow rate of heat transfer, grew in an 
equiaxed manner, since the heat was extracted in all direc­
tions away from the solidifying crystals. The rate of heat 
transfer also was decreased in this region due to the 
massive riser located on the top of the ingot. The riser 
due to its larger volume to surface area ratio supplied 
additional heat to the top and central regions of the ingot.
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The macrostructure of Specimen #10 displays very little 
dendritic growth from the mold wall and consists mainly of 
small equiaxed grains. This means that many nuclei were 
produced during the initial stages of solidification. This 
is an interesting fact, since this ingot cooled at a some­
what similar rate of heat transfer as the previous ingot.
This can he verified by consulting table 3, Specimen #5 
was poured at 755°0 while specimen #10 was poured at 740°C. 
Also, the mold temperatures, before pouring, were practically 
the same for each ingot, as shown in the table. The slight 
difference in the pouring temperature and the mold tem­
perature, before pouring, cannot account for such a drastic 
change in the cast structure. The only explanation that 
can be offered, is that some nucleating agent was present 
in the melt during the initial stages of solidification.
The nucleating agent may have been present as an impurity 
in the alloy, but due to the purity of the alloying elements 
this is not probable.
The Hypereutectic Alloys
The as-cast macrostructure for specimens #15 and #20 
can be seen in figures 18 and 19 respectively. The structure
consists mainly of large equiaxed grains which indicate that
the ingot solidified at a slow cooling rate. This is due to
the higher pouring temperatures for these alloys as compared
with the previous alloys. Since the pouring temperature was
higher, the mold was quickly heated before the melt
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solidified, thus allowing more time for the crystals to grow 
slowly into the surrounding liquid* A large equiaxed struc­
ture is produced when sufficient time is allowed for the 
crystals to grow in the surrounding liquid*
The higher percentage uranium alloys, as shown in 
figure 20 and 21, specimen #25 and specimen #30 respectively, 
displayed a combination of large columnar grains and large 
equiaxed grains. The large grains found in the macrostruc­
ture of this ingot resulted from a slow cooling rate caused 
by the higher pouring temperatures* The mold temperatures 
were also higher, before pouring, since the time during the 
melting operation was longer* This would also aid in 
producing a slower cooling rate.
If segregation has developed in the cast ingots, pro­
duced in this study, a technique should be employed whereby 
one can study this phenomenon* The first technique that 
was employed was photomicrography. This method is appli-
\
cable, since, the cast microstructure must be investigated.
Mlorographic Examination
An extensive metallographlc survey was undertaken to 
study the micro structure in six areas on the prepared 
specimens* The areas selected for study can be seen in 
figure 14* These locations show the resulting microstructure 
in the following manner:
Region #1 - Bottom center area 
Region #2 - Rear bottom center area
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Region #3 - Rear top center area 
Region #4 - Top center area 
Region #5 - Edge area 
Region #6 - M d  area (edge - center)
Areas #1, #2, #3 and #4 show the distribution of the 
phases from the top of the ingot to the bottom. Therefore, 
any gravitational segregation of the high density, uranium 
rich phases, can be detected. Areas #5 end #6 show the 
phase distribution from the edge of the ingot to the inter­
ior mass. The edge area should give a structure that would 
be common to any edge location on the ingot, since this is 
the first layer of solid metal that forms.
Each of the six photomicrographic fields, for each 
specimen were studied in detail. The specimens will be 
classified according to the type of structure that is pro­
duced with relation to the phase diagram. Two classifica­
tions will be used; namely, hypoeutectic and hypereutectic 
alloys.
The Hypoeutectic Alloys
Specimen #5 (5 weight per cent uranium - 95 weight per cent 
aluminum)
The as-cast microstructure for the 5 weight per cent 
uranium alloy, since it is in the hypoeutectic region of 
the phase diagram, shows primary crystals of aluminum sur­
rounded by a continuous network of eutectic. The eutectic 
composition is 13 weight per cent uranium and consists of
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aluminum and the intermetallic compound, UAl^,
The bottom and edge regions of the cast ingot display 
a dendritic growth pattern as indicated in figures 22, 23 
and 26, The dendrites have grown in different directions 
as shown in the figures. The elongated grains of primary 
aluminum and eutectic network have resulted from a dendritic 
formation that has grown in a direction parallel to the 
plane of the section, while the equiaxed portions indicate 
a dendritic formation that has grown perpendicular to the 
plane of the section. The equiaxed portions represent 
dendrites that have grown from the back surface of the 
ingot.
The central and top regions, figures 24, 25 and 27, 
indicate a slower cooling rate, than the bottom and edge 
regions, due to their equiaxed nature. The constituents 
contained in the eutectic network in the top central region 
can be resolved at 100X, Since the cooling rate in this 
region was much slower than in any of the other regions, 
due to the additional heat supplied from the riser, the 
structure is much coarser. As the ingot cools, the riser 
supplies heat that, in turn, must be dissipated through the 
already solidified portion and the mold wall. By this time 
the mold temperature is approaching the temperature of the 
melt, and heat dissipation is slower,
A schematic drawing, which represents the relative dis­
tribution of the cast structure in this ingot, can be seen 
in figure 28, The six photomicrographic fields are col­
lectively Incorporated in this drawing. This diagram
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Figure 28
Specimen #5 Region #1 
(5 w/o U - 95 w/o Al) 
Magnification: 100X Etchant: 1Q$S STaOH
Figure 23Specimen #5 Region #2 
(5 w/o XJ - 95 w/o Al) Magnification: 100X Etchant: 10j6 NaOH
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Figure 24
Specimen #5 Region #3 
(5 w/o U - 95 w/o Al) 
Magnification: 100X Etchant: 105
Figure 25
Specimen #5 Region #4 
(5 w/o XT - 95 w/o Al) 
Magnification: 100X Etchant: 10$ NaOH
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Figure 26
Specimen #5 Region #5 
(5 w/o U - 95 w/o Al) 
Magnification: 100X Etchant: 10# NaOH
Figure 27
Specimen #5 Region #6 
(5 w/o U - 95 w/o Al) 
Magnification: 100X Etchant: 10# HaOH
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indicates that the change in the cast structure occurred 
only in the size and shape of the primary phase and eutectic 
network*
Specimen #10 (10 weight per cent uranium - 90 weight per
cent aluminum)
The mode of solidification for the 10 weight per cent 
uranium-aluminum alloy is similar to that of the 5 weight 
per cent uranium-aluminum alloy, except that the melt, at 
the eutectic temperature, is richer in eutectic composition. 
Thus, microstructure for this specimen that is very similar 
to that of the previous specimen, except the eutectic net­
work is more extensive, due to the higher uranium content*
The bottom area, figure 29, is dendritic in nature 
with the grains growing both parallel and perpendicular to 
the plane of the section* The edge, figure 33, also shows 
a dendritic growth pattern, with larger grains of primary 
aluminum than those indicated in the bottom region* This 
indicates that the rate of heat transfer in this area was 
slower than in the bottom region sections* The central 
and top central regions, figures 30, 31, 32 and 34, show 
an equiaxed growth pattern that is similar to that of the 
previous alloy, except that the eutectic network is much 
broader. The constituents contained in the eutectic net­
work, in the top region, are resolved at a magnification 
of 100X, indicating that a very slow rate of heat transfer 
occurred due to the massive riser.
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Figure 29
Specimen #10 Region #1 
(10 w/o U - 90 w/o Al) 
Magnification: 100X Etchant: 10% EaOH
Figure 30
Specimen #10 Region #2 
(10 w/o U - 90 w/o Al) 
Magnification.! 100X Etchant: 10% TTaOH
60
Figure 31
Specimen #10 Region #3 
(10 w/o U - 90 w/o Al) 
Magnification: 100X Etchant: 10$ RaOH
Figure 32
Specimen #10 Region #4 
(10 w/o U - 90 w/o Al) 
Magnification: 100X Etchant: 10$ XaOH
Figure 33
Specimen #10 Region #5 
(10 w/o U - 90 w/o Al) 
Magnification: 100X Etchant: 10^ NaOH
Figure 34
Specimen #10 Region #6 
(10 w/o U - 90 w/o Al) 
Magnification: 100X Etchant: 10% RaOH
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A schematic drawing, showing the relative distribution 
of the cast structure in the specimen can be seen in figure 
35* This figure shows the relative structure distribution 
through the entire ingot cross-section* The only structural 
changes for this alloy were indicated in the size and shape 
of the primary grains and eutectic network*
Specimen #15 (15 weight per cent uranium - 85 weight per
cent aluminum)
The as-cast microstructure of the alloys within the 
hypereutectic region of the phase diagram consists of pri­
mary needles of the intermetallle compoung, UAl^ surrounded 
by eutectic* TTpon consulting the photomicrographs, of the 
hypereutectic alloys, the primary crystals of TJAl^ appear 
as both needles and triangular masses* These triangular 
masses represent a UAl^ needles that have grown perpendi­
cular to the photomicrographic field*
The bottom region, figure 36 and the edge region, figure 
40, show a dendritic structure of the eutectic with a few
small needles of primary TJAl* • Since the composition of 
the alloy is close to the eutectic composition, only a few
needles of the primary phase are present*
The central and top central regions, figures 37, 38, 39
and 41, show that the liquid of the eutectic composition
solidified in a random manner* This is typical of the
eutectic structures formed for some primary alloys, at slow
cooling rates and is called anomalous due to its random
nature* Since the eutectic structure is anomalous, it
Figure 36
Specimen #15 Region #1 
(15 w/o U - 85 w/o Al) 
Magnification: 100X Etchant: 10$ XaOH
Figure 37
Specimen #15 Region #2 
(15 w/o U - 85 w/o Al; 
Magnification: 100X Etchant: 10$ MaOH
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Figure 38
Specimen #15 Region #3 
(15 w/o U - 85 w/o Al) 
Magnification: 100X Etchant: 10^ EaOH
Figure 39
Specimen #15 Region #4 
(15 w/o U - 85 w/o Al) 
Magnification: 100X Etchant: 10% EaOH
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Figure 40
Specimen #15 Region #5 
(15 w/o U - 85 w/o Al) 
Magnification: 100X Etchant: 10$ EaOH
Figure 41
Specimen #15 Region #6 
C15 w/o U - 85 w/o Al) 
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shows random crystals of UAl^ in a matrix of aluminum. More 
primary phase appears in these regions due to a longer time 
of growth, than in the bottom regions.
A drawing of the ingot which collectively represents 
the six photomicrographic fields can be seen in figure 42. 
This diagram indicates that more of the primary UAl^ crystals 
have appeared in the central and top central regions. A  
distribution of this type indicates that the TJAl^ has 
segregated to these regions due to the mode and rate of heat 
transfer. Segregation of this type is classified as "inverse 
segregation"•
Specimen #20 (20 weight per cent uranium - 80 weight per
cent aluminum)
The microstructure formed during solidification in this 
specimen is similar to that found in the previous specimen. 
Since the uranium content is higher, more of the primary 
phase is present. This can be seen by consulting any of the 
six photomicrographs for this alloy.
The bottom region, figure 43. shows massive, dendritic, 
eutectic with a few small needles of TJAl^. The edge region, 
figure 47, shows a similar structure except that the eutectic 
matrix is much broader due to the slower cooling rate. This 
may be due to the fact that the pouring temperature of this 
alloy was higher than that of the previous alloy. The cen­
tral and top central regions, figures 44, 45, 46 and 48, 
show the anomalous nature of the eutectic which surround 
the needles of primary UAl^. This can also be attributed 
to the higher pouring temperature which produces a slower
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Figure 43
Specimen #20. Region #1 
(20 w/o U - 80 w/o Al) 
Magnification: 100X Etchant: 10$ TTaOH
Figure 44
Specimen #20 Region #2 
(20 w/o TJ - 80 w/o Al) 
Magnification: 100X Etchant: 10$ HaOH
Figure 45
Specimen #20 Region #3 
(20 w/o U - 80 w/o A 1 ) 
Magnification: 100X Etchant: 10j£ RaOH
Figure 46
Specimen #20 Region #4 
(20 w/o U - 80 w/o Al) 
Magnification: 100X Etchant: 10$ TTaOH
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Figure 47
Specimen #20 Region #5 
(20 w/o IT - 80 w/o Al) 
Magnification: 100X Etchant: 10^ RaOH
Figure 48
Specimen #20 Begion #6 
(20 w/o IT - 80 w/o Al) 
Magnification: 100X Etchant: 10% RaOH
S A £ C / s H £ A /  w A O
t/r*ae£or£cr/c Actor - ,£o*%Ac
C A /C t Z O A JE
r / G u e e  */?
73
cooling rate* The needles are larger in this region due to 
the longer time of growth.
Figure 49 shows the variance in the cast microstructure 
of the entire ingot* This drawing summarizes the results 
found in the six photomicrographs discussed above* It in­
dicates the segregation of the primary phase in the upper 
regions of the cast ingot*
Specimen (25 weight perccent uranium - 75 weight per
cent aluminum)
This alloy solidified in a manner similar to that of 
the 20 weight per cent uranium alloy. The micro structure 
revealed in this alloy shows massive needles of primary UAl^ 
surrounded by a continuous field of eutectic. The needles 
are larger in this specimen, as compared with the previous 
hypereutectic alloy specimens, due to the higher uranium 
content*
The bottom region, figure 50, shows the dendritic stru­
cture of eutectic with large needles of primary TJAl^. All
the upper regions, figures 51 > 52, 53, 5^ and 55, show the
eutectic in the anomalous form with large needles of the
primary phase. This structure was caused by the slow rate
of heat extraction due to the high pouring temperature.
A schematic drawing showing the relative phase distri­
bution on the entire ingot can be seen in figure 56* The 
dendritic growth is limited only to the very edge and bottom 
regions. The segregation of the primary phase can be seen 
in the upper regions of the ingot.
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Figure 50
Specimen 25 Region #1 
(25 w/o IJ - 75 w/o Al) 
Magnification: IOOX Etchant: 10^ EaOH
Figure 51
Specimen #25 Region #2 
(25 w/o U - 75 w/o Al) 
Magnification: 100X Etchant: 10j£ EaOH
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Figure 52
Specimen #25 Region #3 
(25 w/o U - 75 w/o Al) 
Magnification: IOOX Etchant: 10^ HaOH
Figure 53
Specimen #25 Region #4 
(25 w/o U - 75 w/o Al) 
Magnification: IOOX Etchant: 10% EaOH
Figure 5^
Specimen #25 Region #5 
(25 w/o U - 75 w/o Al) 
Magnification: 100X Etchant: 10$ ETaOH
Figure 55
Specimen #25 Region #6 
(25 w/o U - 75 w/o Al) 
Magnification: 100X Etchant: 10$ NaOH
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Specimen #30(50 weight per cent uranium - 70 weight per
cent aluminum)
This ingot solidified in a manner somewhat similar to 
the 25 weight per cent alloy* More of the primary phase is 
present in this alloy due to the higher uranium content*
Some crystals of TJAl^ are present due to a sluggish peri- 
tectic reaction at 730°0* These crystals are shown as 
rounded masses in the micro structure of the 30 weight per 
cent uranium alloy.
The bottom region, figure 57, shows large needles of 
primary UAl^ with some rounded masses of TJAl^ *- surrounded 
by a continuous field of eutectic* The lntermetalllc com­
pound, UAlj appears in this region due to the rapid cooling 
rate. The rate of heat extraction was fast enough to cause 
incomplete resorption of the TTJLlj phase at the peritectic 
temperature.
All the upper regions, figures 58, 59, 60, 61 and 62 
display large needles of UAl^ in an anomalous eutectic matrix. 
Very little of the lntermetalllc compound, UAl^, is present 
due to the slower cooling rate in this region* The slower 
cooling rate allowed the peritectic reaction to go to com­
pletion, resulting in complete resorption of UAl^.
The microstructure of the six photomicrographic fields 
is summarized in figure 63« The dendritic form of the 
eutectic only occurs at the bottom of the ingot, as shown*
The primary phase is present in large quantities in the upper 
regions of t e ingot and is surrounded by anomalous masses*
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Figure 57
Specimen #30 Region #1 
(30 w/o TJ - 70 w/o Al) 
Magnification: 100X Etchant: 10$ EaOH
Figure 58
Specimen #30 Region #2 
(30 w/o U - 70 w/o Al) 
Magnification: 100X Etchant: 10$ EaOH
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Figure 59
Specimen #30 Region #3 
(30 w/o IT - 70 w/o Al) 
Magnification: 100X Etchant: 10$ Ha OH
Figure 60
Specimen #30 Region #4 
(30 -w/o U - 70 w/o Al) 
Magnification: 100X Etchant: 10$ HaOH
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Figure 61
Specimen #30 Region #5 
(30 w/o U - 70 w/o Al) 
Magnification: 100X Etchant: 10$ EaOK
Figure 62
Specimen #30 Region #6 
(30 w/o U - 70 w/o Al) 
Magnification: 100X Etchant: 10$ EaOH
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Autoradiographic Results
The results from the examination of the autoradiographs 
prepared for each specimen were inconclusive. Ho definite 
evidence can "be found to verify that segregation existed in 
the specimens. The autoradiographs were exposed for 23 days 
resulting in a definite blackening of the emulsion on each 
uranium containing specimens. This blackening was uniform 
over the entire ingot cross sectional area, giving no indi­
cation of any of the structural details that characterize 
the alloys, as shown by the microstructure.
By comparing the autoradiographs of the uranium con­
taining specimens with the autoradiograph of the pure 
aluminum control specimen, the blackening was attributed to 
the radioactive material rather than the background radia­
tion. The uranium rich phases which are present in the 
alloys, emit alpha, beta and gamma radiation. The alpha 
radiation is produced by the ^gU2^® isotope decaying to 
9QTh2^  and the ^gU2^  isotope decaying to ^ T h 2^1. These 
two daughter products both decay by emitting beta radiation. 
The gamma radiation is emitted from both isotopes due to the 
excited state of their nuclei, which occurred during thei
alpha and beta decay processes. Since the autoradiographic 
stripping film is sensitive to all three forms of radiation, 
a blackening of the emulsion resulted. The uniformity of 
the blackening was caused by radiation emitted from the 
specimen in all directions. If one considers the specimen 
from a three dimensional point of view, the uranium rich 
phase may be considered as being quite uniformly distributed.
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Since the nonradioactive aluminum phase has a low absorption 
for gamma radiation, the emitted radiation exposed the film 
from all directions within the cast ingot. The net result 
was a uniform blackening 6f the emulsion caused by the dif­
fuse radiation emitted by all the uranium rich phase present 
in the sample. The autoradiographic technique should only 
be used in applications where the radioactive phase is 
widely separated from the nonradioactive phase present i 
the sample. The method has been used for grain boundary 
s t u d i e s w h e r e  the radioactive material is contained in 
the grain boundaries which are far removed from one another.
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7. DISCUSSION OF RESULTS
Tills investigation was undertaken to determine the type 
of segregation phenomenon that occurs d ing solidification 
of aluminum-uranium alloys ranging from 5 to 30 weight per 
cent uranium. The segregation can occur either' due to gravi­
tational forces acting upon the high density, ur urn rich, 
phase, or due to the mode and rate of heat transfer during 
solidification.
Evidence of segregation can he seen in the photomicro­
graphs displayed in the previous section. The segregation 
occ ed s a change in the size, shape and distribution of 
the microconstituents present in the cast alloys. The hypo- 
eutectic alloys, specimens #5 and #10, show that the size 
and shape of the microconstituents have changed due to the 
direction and the rate of heat transfer away from the soli­
difying mass. The primary grains of aluminum are shown da 
being equiaxed and of larger dimension in the central and 
top central regions, due to the slower rate of heat transfer 
caused by the additional heat supplied by the riser, as com­
pared to the elongated and mailer primary aluminum grains 
in the bottom and edge regions resulting from the rapid rate 
of growth from the mold wall. The eu ectic network can be 
seen stirrounding these primary grains of aluminum.
The hypereutectic alloys, specimens #15, #20, #25, and 
#30, also display a variance in the size, shape and distri­
bution of th microconstituents in the cast ingots. The pri­
mary phase, UAl^, is shown as being of larger dimension and
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of higher population, in the slowly cooled, central and top 
central regions of the Ingots as compared to the smaller and 
less populated regions at the rapidly cooled, bottom and edge 
of the specimens* The eutectic structure also varied within 
the cross section of the cast ingots studied. The central 
and top central regions show a eutectic structure of an 
anomalous nature, due to the slower cooling rate, while the 
bottom and edge regions display a massive, dendritic, struc­
ture indicating a faster cooling rate in these regions.
The segregation that has occurred in these alloys can 
be explained as being caused by the characteristics- of the 
mold design, the thermal conductivity of the mold material, 
the pouring temperatures of the alloys, the temperature of 
the mold before pouring and the solidification characteristics 
of the alloy itself. The mold, due to the placement of the 
riser, produced a region of slower cooling in the central 
and top regions, as opposed to a faster rate of cooling in 
the bottom and edge regions, due to the high thermal conduc­
tivity of the graphite mold material#
The segregation that occurred in the specimens can be 
classified as "inverse segregation”• This type of segrega­
tion is a result of a rapid rate of cooling at the mold wall 
and a slower rate of cooling in the top and central regions 
of the ingot# This variance in the cooling rate caused the 
changes in the cast structure as described above.
The experimental evidence presented in the photomicro­
graphic results indicates that segregation, in the cast ingot, 
is not a result of gravitational forces acting upon the high
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density phase. Previous investigators^*^ have shown that 
gravitational for as can cause the uranium rich phase to 
settle to the "bottom of the cast ingot if the melt is held 
for long periods of time before complete solidification 
occurs* In the present investigation, the rate of heat 
transfer was rapid enough to prevent settling of the high 
density, uranium rich phase from occurring.
It is of academic interest to note that the microstruc­
tures observed in this investigation are very similar to 
those found in the aluminum-silicon alloys of similar com­
position. Gwyer and Phillips have disp ayed several 
photomicrographs of aluminum-silicon alloys that are of a 
similar nature to those displayed in this paper. The 
aluminum-silicon hypoeutectic alloys display microstruc­
tures that are almost Indistinguishable from the hypoeutectic 
aluminum-uranium alloy mlerostructures* The hypereutec 1c 
aluminum-silicon alloys show the primary crystals of silicon, 
as being of a somewhat equiaxed shape as compared to the 
needle-like particle formed in the hypereutectic aluminum- 
uranium alloys.
JLn autoradiographic technique was also employed in this 
investigation as a possible method for the determination o 
segregation in the aluminum-uranium alloys, since one of the 
mloroconstituents, UAl^, is radioactive. Experimental vi- 
dence of segregation was not revealed by the autoradio­
graphic stripping film technique, due to the diffuse gamma 
radiation that was emitted from the uranium rich phase
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distributed in the ingots. This diffuse radiation caused a 
uniform blackening of the emulsion, thus concealing any 
segregation that was present in the cast structure.
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VI, CONCLUSIONS
The experimental evidence presented in this paper 
Indicated that:
(1) * Segregation of the microconstituents does exist in the 
cast ingots of the aluminum-uranium alloys studied in this 
investigation.
(2) . The segregation is classified as the "inverse” type, 
since the primary phase is concentrated in the central and 
top central regions of the cast ingots.
(3) . The "inverse segregation" is produced as a result of 
the mode and rate of heat transfer during solidification.
(4) . Segregation caused by gravitational forces acting upon 
the high density, uranium rich, phase, did not occur due to 
the rapid cooling rate.
(5) . The microstructures displayed by both the hypoeutectic 
and hypereutectic aluminum-uranium alloys, are similar to the 
hypoeutectic and hypereutectic aluminum-silicon alloys.
It may also be said that the melting and casting appara­
tus used in this investigation was entirely satisfactory for 
preparing the cast specimens. The modifications made on the 
furnace over the original design by the Argonne National 
Laboratories, were found to be appropriate and essential for 
the preparation of the alloys studied in this investigation.
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VII. BECOMMSHDATIOITS FOR FURTHER STUDY
It has been observed, in the present investigation, 
that the mi or ©constituents of the aluminum-uranium alloys 
are very similar to the microconstituents of the aluminum- 
silicon alloys studied by previous i n v e s t i g a t o r s ^ • These 
investigators have found that the strength of the aluminum- 
silicon alloys, which contained large crystals of primary 
silicon, could be increased by the addition of small amounts 
of sodium. The addition of sodium reduced the size of the 
large silicon particles into a fine dispersion of small 
particles, in the matrix of aluminum. This resulted in a 
material of higher strength and workability. Possibly the 
same phenomenon could occur in the hypereutectic alloys of 
aluminum-uranium, with the addition of small amounts of a 
third element. Previous investigators^0  ^ have tried to 
"modify" aluminum-uranium alloys, containing 40 to 50 weight 
per cent uranium, with small amounts of silicon. They* found 
that the alloys have improved rolling characteristics due to 
the small additions of silicon. It should be possible to 
obtain similar results-with lower uranium content alloys 
such as those studied in the present investigation. Although 
the problem of severe cracking on rolling is not prevalent 
in the lower percentage uranium alloys, this procedure 
should produce a more homogeneous distribution of the pri­
mary phase in the cast structure. Further studies into the 
"modification" of aluminum-uranium alloys with a small amount 
of a low neutron cross section element should be undertaken.
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